ABSTRACT Experiments were conducted with male rats to quantitate the relation ship between dietary selenium (Se) intake and the amount of the enzyme glutathione peroxidase (GSH-Px) in erythrocytes and liver. Weanling male rats were fed torula yeast-based diets with 0, 0.05, 0.1, 0.5, 1.0, or 5.0 ppm Se supplemented as sodium selenite. Liver GSH-Px fell to undetectable levels (<1% of that found in the weanling rats) within 24 days in the O ppm Se group; feeding 0.1 ppm Se, or greater, caused liver GSH-Px to increase above that found in the weanling rats. The erythrocyte GSH-Px response to lack of dietary Se was somewhat smaller in magnitude and more gradual; however, only 21% of initial erythrocyte GSH-Px activity remained in the unsupplemented group after 66 days. Increased dietary Se resulted in corresponding increases of erythrocyte GSH-Px activity. Resupplementing with 0
Previous reports from our laboratory yeast-based diet (3) . Moreover, a decline (1, 2) have implicated a lack of erythrocyte in liver GSH-Px during Se deficiency might glutathione peroxidase ( glutathione H2O2 represent the biochemical lesion responsible oxidoreductase, EC 1.11.1.9) in rats fed a for liver necrosis. Se-deficient diet and provided evidence that glutathione peroxidase (GSH-Px) is a Se-MATERIALSAND METHODS containing enzyme. 1 In experiment 1, male weaning rats, 21 The present study was designed to in-days old, of the Holtzman strain weighing vestigate in greater detail the relationship between dietary Se intake and the activity Of from 55 to 65 g were randomly divided into six groups and housed in individual hanging wire mesh cages. Diet and water were provided ad libitum. The torula yeastbased diet ( table 1 ) contained 50 lU/kg of supplemental all-rac-a-tocopherol; in addi tion, 0, 0.05, 0.10, 0.50, 1.0 and 5.0 ppm Se, as Na2SeO3, was supplemented to the six groups, respectively. The groups will be referred to as group 0, group 0.05, etc. with the group index number corresponding to ppm Se added to the diet. At various times during the experiment, blood was sampled by cardiac puncture with a heparinized syringe, following ether anesthesia. At 45, 66, and 134 days of the experiment, hematocrits were measured and whole blood hemoglobin concentration was determined by the cyanomethemoglobin method (4) standardized by the method of Wong (5) . In all cases, 0.4 ml of blood was washed with 3 ml salinephosphate buffer (6) and then centrifuged at 1300 X g for 15 minutes. After removing the buffer, plasma, and buffy coat, the re maining cells were hemolyzed with 3 ml of water and the hemoglobin concentration determined.
At 10, 17, 24, and 134 days of the ex periment, immediately after drawing blood, the livers were removed and perfused with cold 0.15 M KC1, then blotted between filter paper and the wet tissue weight was re corded. Livers were homogenized in 4 vol umes of 0.15 M KC1, on ice, for 30 seconds at 10,000 rpm using a homogenizer ' equipped with a PT20 generator. GSH-Px activity was determined immediately on all samples except the livers obtained at days 17 and 24 which were stored at 4Â°for 2 to 3 days. This storage resulted in noticeable loss in enzyme activity so that in these cases only relative values were considered.
Enzyme assays. Both erythrocyte hemolysates and liver homogenates were analyzed for GSH-Px activity by a modification of Mills' procedure 2 (7). The enzyme assay tubes were incubated at 37Â°and contained: 1.0 ml of 2.0 HIM GSH, 1.0 ml of 0.40 M sodium phosphate buffer (pH 7.0) also con taining 4 X IO-4 M EDTA, 0.50 ml of 0.01 M NaN3 (to inhibit catalase), 0.03 ml of 20% (w/v) liver homogenate (or a por tion of erythrocyte hemolysate containing 0.3 to 2 mg of hemoglobin), and water to bring the total volume to 4.0 ml. After a 5-minute preincubation, 1.0 ml of 1.25 mM H2O2 (prewarmed to 37Â°) was added. Thereafter at 3-minute intervals 1.0 ml aliquots of incubation mixture were re moved and added to 4.0 ml metaphosphoric acid precipitation solution.4 GSH in the protein free filtrates was determined by mixing 2.0 ml of filtrate with 2.0 ml of 0.4 M Na2HPO4 and 1.0 ml of DTNB re agent.5 A4i2 was recorded within 2 minutes after mixing. A blank (with H2O or 0.15 M KC1 substituted for enzyme source) was carried through the incubation simultane ously with the samples since nonenzymatic GSH oxidation by H2O2 occurred during incubation. Both enzymatic and nonenzy matic reactions proceeded at rates directly proportional to GSH concentration, since a plot of log fGSH 1 vs. reaction time was linear both with and without addition of enzyme source. An enzyme unit of activity was conveniently defined as a decrease in the log[GSHl of 0.001 per minute after the decrease in logfGSH] per minute of the nonenzymatic reaction was subtracted. In order to judge whether dietary Se caused another, presumably Se-unrelated liver en zyme to vary, similarly to GSH-Px, liver histidase activity was determined at 134 days on the same homogenates used for GSH-Px determination by the method of Spolter and Baldridge (9) .
In experiment 2, 17 rats were made Se deficient by feeding the torula yeast-based diet according to the same dietary regimen used in the first experiment. After 9 months the rats were segregated into four com parable groups and their respective ad libitum fed diets supplemented with either 0, 0.1, 0.5, or 5.0 ppm Se. At various times from 4 to 156 days after supplementation was begun, the rats were anesthetized with ether, and 0.3 ml of blood sampled from the tail vein. Erythrocyte GSH-Px was de termined as described previously. figure 1 , di etary Se markedly influenced erythrocyte GSH-Px. After receiving the basal diet for 17 days, the group 0 rats had only 47% of the initial erythrocyte GSH-Px activity found in weanling rats at day 0, at the same time group 5.0 exhibited 132% of the initial level. The differences between these two groups became greater as the diets were fed over a longer period of time; at 66 days these two values were 21 and 168%, respectively, of the initial enzyme level. Those groups receiving intermediate levels of Se showed intermediate GSH-Px activ ity. When a significant number of animals were analyzed, increased dietary Se always resulted in elevated GSH-Px activity com pared to any group receiving a smaller sup plement. The differences in GSH-Px caused by dietary Se, as expressed in enzyme units per milligram hemoglobin (EU/mg Hb), could not be explained by an ab normal amount of blood hemoglobin pres ent in any of the dietary groups since hematocrit and blood hemoglobin determi nations at 45, 66, and 134 days showed little variability and no significant differ ences (P > 0.05)8 among the six groups.
RESULTS

Experiment 1. As shown in
Dietary selenium's effect on liver GSHPx was even more pronounced than was observed in erythrocytes. As seen in table 2, no detectable liver GSH-Px remained in the group fed the unsupplemented diet ( group 0 ) for 134 days. Group 0.05 showed a 42% decrease below the initial GSH-Px activity present in the weanling rats while groups 0.1, 0.5, 1.0 and 5.0 showed in creases in liver GSH-Px. In contrast to the erythrocyte findings, group 5.0, receiving the highest concentration of dietary Se, did not have the highest GSH-Px activity at any time point. This result was attributed to hepatic damage caused by Se toxicity in group 5.0. The livers of 1 of 5 rats at 17 days and 4 of 4 rats at 134 days appeared irregularly mottled and pitted, and accom panying fibrosis gave the individual lobes an unusual rigidity. Upon perfusion, much *Statistical analysis was carried out as described in table 2, footnote 0. of the blood could not be removed from these livers and they did not turn pale in color as was the case in the groups receiv ing 1.0 ppm Se or less. As an estimation of the liver functional state, liver histidase activity was measured. Table 2 shows that histidase was reduced substantially in group 5.0, demonstrating the effect of Se toxicity. If one assumes that histidase ac tivity was proportional to the amount of viable liver tissue present and not other wise altered by Se intake, the ratio of GSH-Px/histidase then represented the ef fect of dietary Se on GSH-Px independent of cellular damage. The ratio of GSH/ histidase (table 2) like erythrocyte GSHPx ( fig. 1 ) continued to increase with in crements in Se supplementation, even when toxic levels were fed. percentage of control (0.5 ppm dietary Se) to correct for storage losses in enzyme which occurred in samples taken at 17 and 24 days. When a dietary Se level of 0.1 ppm (the widely accepted requirement for Se) was used as a control, the results were essentially the same. The level of 0.5 ppm Se was chosen as the control because it ex ceeded the minimal Se requirement for maximal liver GSH-Px but was less than a toxic dose and because this level most closely approximated that found in the unsupplemented commercial rat diet " used in our laboratory. GSH-Px fell rapidly in group 0, and in livers sampled at 24 days and later times no enzyme activity could be detected. Group 0.05 showed a definite, but less severe, decline in GSH-Px to 9% of the control activity at 24 days. This value rose to 36% at 134 days. The ob served restoration of GSH-Px probably re flected a lower Se requirement following 66 days when the growth rate had slowed considerably compared to the period of rapid growth immediately after weaning.
Experiment 2. Selenium supplementation to rats previously made deficient dramati cally increased erythrocyte GSH-Px with the response being more rapid and to higher maxima at the higher dosages of Se ( fig. 3) . After 71 days of supplementa tion, the rats receiving 0.1, 0.5, and 5.0 ppm Se had 42.6, 56.8, and 79.0 EU/mg Hb, respectively, compared with 6.9 EU/ mg Hb for the unsupplemented controls. In all cases a maximum in erythrocyte GSH-Px activity was approached about 60 days after the initiation of response which is the approximate life span of rat erythrocytes (10). This result indicated that a turnover in red cell population is probably essential for restoration of enzyme activity following a period of Se deficiency, or in other words, Se is incorporated into eryth rocyte GSH-Px only during erythropoeisis. This agrees with our previous failure to restore this activity by incubating mature erythrocytes with selenite in vitro (1, 2) .
To assure that the increased GSH-Px activity caused by dietary Se was not due to increased nonenzymatic oxidation of GSH or removal of an inhibitor of GSH-Px, dialysis experiments were carried out. At 51 days after Se supplementation, hemolysates from both unsupplemented rats and 5.0 ppm Se-fed rats were independently pooled and an 8.0-ml aliquot from each of the two pools was dialyzed 3 times against 300 volumes of deionized H2O at 4Â°for a total of 36 hours. In both groups this treatment activated GSH-Px approxi mately 15% compared to nondialyzed con trol aliquots, indicating the loss of an in hibitor during dialysis. Since GSH-Px activity was not lost during dialysis, the possibility that a small molecular weight compound such as selenite was responsible for the observed increase in GSH-Px caused by high dietary Se was precluded. This result also showed that selenium's ef fect could not be explained by a higher concentration of dialyzable inhibitor in the hemolysates obtained from deficient rats. Thus dietary Se exerted its effect specifi cally on the undialyzable, high molecular weight GSH-Px, which is consistent with our finding that Se is an essential compo nent of this enzyme.
DISCUSSION
The response of rat tissue GSH-Px to alterations in dietary Se intake confirms selenium's essentiality for GSH-Px. Rotruck et al. (1) reported previously that 75Se in rat hemolysates coeluted with GSH-Px upon Chromatographie purification and subsequent studies showed that GSH-Px purified to homogeneity from ovine erythrocytes contained 4 moles of Se per mole of GSH-Px.8 This observation was recently confirmed on crystalline GSH-Px isolated from bovine erythrocytes ( 11 ) .
Weanling rats fed a tonila yeast-based diet similar to that used in the present ex periments, but without supplemented pro tective agents (vitamin E, sulfur-contain ing amino acids, or Se) develop a fatal liver necrosis after approximately 28 days (12) . The observed disappearance of liver GSH-Px by day 24 in deficient rats ( fig. 2) is consistent with the hypothesis that Se mediates its protective effect by allowing biosynthesis of GSH-Px. Since other perox ide destroying enzymes such as catalase are not known to decompose lipid hydroperoxides (13) and GSH-Px appears to be the major mechanism for intracellular de composition of lipid hydroperoxides (14) (15) (16) , the crucial role of preventing mem brane peroxidative damage induced by lipid peroxides has been assigned to GSHPx. A GSH-Px dependency on Se provides a biochemical basis for the interrelation ship of Se, vitamin E and the sulfur-con taining amino acids in preventing defi ciency diseases; this topic has already re ceived brief discussion (1) . In rat liver, for example, increased lipid peroxidation in vitro results from vitamin E deficiency ( 17 ) and a-tocopherol decreases enzyme catalyzed microsomal phospholipid peroxi dation (18) . Thus, vitamin E may act by decreasing fatty acid hydroperoxide forma tion and the seleno-enzyme, GSH-Px, acts by catabolizing the noxious fatty acid hy droperoxides as well as HaOÂ». The delay in onset of liver necrosis caused by sulfurcontaining amino acids (12) may be at tributed to an elevation of liver GSH ( 19) which would increase peroxide decomposi tion because the kinetics of GSH-Px are first order with respect to GSH (16); and if GSH-Px is depleted, the nonenzymic de composition of peroxide by GSH, which is also directly proportional to GSH (7), may be significant. Table 2 shows that body weight in group 0.05 was not significantly different (P > 0.05 ) from the other groups receiving addi tional Se, whereas for both intervals (10 and 134 days of the experiment), group 0.05 had significantly less liver GSH-Px than the groups receiving greater dietary Se. This result demonstrated that although 0.05 ppm supplemented Se (0.06 ppm total dietary Se) supported optimal growth on the tonila yeast-based diet, this concentra tion did not satisfy the GSH-Px require ment for Se. A level of 0.1 ppm Se appeared to have met this requirement since increas ing dietary Se from 0.1 to 0.5 or 1.0 ppm caused only comparatively small increases in GSH-Px.
Selenium's ability to elevate erythrocyte GSH-Px was not saturated even when toxic levels of Se were fed. Also, 5.0 ppm Se possibly caused a substantial increase in liver GSH-Px (independent of cellular damage), as indicated by the elevated GSH-Px/histidase ratio (table 2) . Increased enzyme seen with high levels of Se supple mentation may reflect an adaptive response to the oxidative stress imposed by excess dietary selenite. Bunyan et al. (20) dem onstrated that sodium selenite, in vitro, acts as a pro-oxidant, antagonizing the pro tective effect of a-tocopherol against dialuric acid-induced hemolysis. Some adap tive responses by GSH-Px to oxidative stress have already been eluciated. Pinto and Hartley (21) showed that female rats were more susceptible to liver lipid peroxi dation in vitro than males. The females also had elevated liver GSH-Px levels. Chow and Tappel (22) and Chow et al. (23) showed that prior ozone exposure increased in vitro lipid peroxidation, as well as GSH-Px, in rat lung. They also reported that vitamin E deficiency significantly in creased GSH-Px in several rat tissues.
Since GSH-Px in the tissues studied re flected the level of dietary Se, this param eter could provide a convenient assay for Se nutritional adequacy; but other factors such as sex, age, vitamin E and other prooxidant or antioxidant factors will have to be considered when comparisons are made. Determination of erythrocyte GSHPx offers the advantage of easy sampling and stability due to the low proteolytic activity in this enzyme source; however, it must be considered a measure of long-term Se status rather than one of recent Se in take, because of the rather long life span of the erythrocyte. Compared to Se content of tissues as an index of Se status, GSH-Px assay has the advantage of a lower proba bility of contamination, and greater accu racy because some forms of dietary Se such as Se-methionine are incorporated, in part, into general tissue proteins rather than di rectly into functioning forms of Se.
It appears likely that decreased GSH-Px may bear a causal relationship in many Se deficiency diseases in addition to liver necrosis in the rat. Noguchi et al. (24) found a close correlation between deple tion of GSH-Px in chick plasma and the onset of exudative diathesis. The same group reported 9 that Se from selenomethionine was less effective than Se from so dium selenite in preventing exudative dia thesis but the reverse was true for the prevention of pancreatic fibrosis. They sug gested, therefore, that selenium's protec tive effect against pancreatic fibrosis in the chick was not mediated through GSH-Px. Such a result, however, could conceivably be caused by differing abilities of these two organs to utilize the different forms of Se for GSH-Px synthesis. Further work is needed to assess whether there are func tioning forms of Se in animal tissues in addition to GSH-Px.
